2 1 9 a r t I C l e S Individual neurons in mouse V1, like those of primates and carnivores, respond selectively to distinct features in visual scenes [1] [2] [3] [4] [5] [6] . Unlike primate and carnivore visual cortex, rodent visual cortex lacks obvious functional architecture for features such as orientation and spatial frequency, so that neighboring neurons have distinct response properties 7, 8 . This local heterogeneity suggests that precise synaptic connectivity might be required for the processing of sensory signals both within and between cortical areas 9, 10 .
Individual neurons in mouse V1, like those of primates and carnivores, respond selectively to distinct features in visual scenes [1] [2] [3] [4] [5] [6] . Unlike primate and carnivore visual cortex, rodent visual cortex lacks obvious functional architecture for features such as orientation and spatial frequency, so that neighboring neurons have distinct response properties 7, 8 . This local heterogeneity suggests that precise synaptic connectivity might be required for the processing of sensory signals both within and between cortical areas 9, 10 .
Anatomical studies in primates have found that projections to different higher visual areas originate from different functional compartments, defined by cytochrome oxidase staining 11, 12 , cortical laminae 13, 14 or cell types 15, 16 . These anatomical distinctions between classes of projection neurons provide evidence for parallel information streams 17 . In the mouse, tracer studies suggest that disjoint (but spatially intermingled) populations of neurons in V1 project to different higher visual areas (ref. 18 and Q. Wang & A. Burkhalter, Soc. Neurosci. Abstr. 854. 1, 2005) . However, few studies in any species have found evidence that neurons in close proximity make functionally specific interareal projections [19] [20] [21] [22] .
In the mouse, the densest cortico-cortical projections from V1 terminate in visual cortical areas LM (lateromedial), AL (anterolateral) and PM (posteromedial) 23 . Area LM is anatomically homologous to secondary visual cortex in primates 24 , and neurons in this area, like those in V1, have a broad range of preferences for spatial and temporal frequency 4, 5, 25 . In contrast, neurons in areas AL and PM prefer distinct subsets of the range of spatial and temporal frequency preferences spanned by neurons in V1 (refs. 4-6) . Neurons in AL respond best to stimuli with high temporal and low spatial frequencies (that is, quickly moving, coarse stimuli), whereas those in PM respond best to stimuli with low temporal and high spatial frequencies (that is, slowly moving, fine stimuli).
How these signals are transmitted from V1 to the higher visual areas is not known. One possibility is that the net input from V1 to each target area reflects the diverse visual response tuning of all V1 neurons (Fig. 1a, top) . In this model each higher visual area receives the same input, and its functional properties may be determined through local computations. Alternatively, V1 may provide functionally distinct input to each downstream area (Fig. 1a, bottom) . In this model, these target-specific projections could account for the specialization found in the higher visual areas.
To determine whether neurons in V1 make functionally target-specific synaptic inputs, we imaged visually evoked calcium signals in the axons of projection neurons. We found a marked target specificity of these projections, whereby each higher visual area receives functionally distinct sensory input from layers 2/3 and 5 of V1. Projections solely from layer 5 and secondary visual area LM were also functionally target specific, suggesting that the transmission of distinct sensory information to different cortical targets may be a general principle of cortical processing.
RESULTS
To determine the functional specificity of axonal projections from V1 to higher visual areas, we made targeted injections of a viral vector carrying the genetically encoded calcium indicator GCaMP3.3 (GCaMP3; see Online Methods) to posteromedial V1, which corresponds to the monocular region of the upper visual field 23 . Somatic GCaMP3 expression remained confined to V1, with most of the infected neurons less than 1 mm from the injection site (Fig. 1b,c and Supplementary Fig. 1a-c) . Although expression in V1 spanned all lamina, the densest expression labeled neurons in layers 2/3 and 5 ( Supplementary Fig. 1d , and see below). In fixed sections, labeled axonal projections were visible in the target areas surrounding V1 (Fig. 1b) and were densest in areas LM, AL and PM 23, 26 . a r t I C l e S These arborizations likely arose from neurons in layers 2/3 and 5 of V1 and spanned all laminae in the higher visual areas 26 ( Supplementary  Fig. 1d ). We rarely observed labeling of cell bodies in the higher visual areas, suggesting that there was little or no contamination by retrograde infection. We focused on areas LM, AL and PM because they receive the densest projections and because neurons in each of these areas have distinct receptive field properties 4 .
Functional imaging of boutons in higher visual areas
We surgically implanted a chronic cranial window that provided optical access to V1 and the surrounding higher visual areas 4 so we could image the activity of labeled V1 axons in awake mice (Fig. 1c) . During the experiments, mice were head-fixed and placed on a singleaxis rotating ball on which they could run freely. Wide-field epifluorescence microscopy revealed bright islands of labeled axons in the higher visual areas. Registration to retinotopic maps measured using intrinsic autofluorescence imaging confirmed the area identification for each mouse ( Supplementary Fig. 1 and Online Methods). Using a high-speed two-photon microscope 8 , we were able to measure visually evoked calcium transients from axonal arborizations in layers 1 and 2/3 (Fig. 1c,d and Supplementary Movie 1; average depth of imaging, 84.5 µm below the pia; range, 50-150 µm; 40 fields of view 200-300 µm on a side; 14 mice).
We studied the visual response properties of the axonal arborizations by presenting sinusoidal drifting gratings of different spatial and temporal frequencies (0.02 to 0.32 cycles per degree (c.p.d.); 1 to 15 Hz; 1-octave steps; 5 s off, 5 s on; see Supplementary Fig. 1f and Online Methods). Visual stimulation evoked calcium transients in axons coursing within the imaged plane (Fig. 1c-e and Supplementary Movie 1). Along these axonal processes were micrometer-sized hotspots that underwent local, visually evoked increases in fluorescence and likely corresponded to presynaptic boutons [27] [28] [29] ( Fig. 1d; see Online Methods).
To quantify the selectivity of axonal responses in each area, we identified all visually responsive boutons in each field of view and determined their response profiles to all of the stimuli ( Fig. 1e; see Online Methods). To visualize these two-dimensional tuning curves, we plotted a circle for each spatial and temporal frequency presented whose area npg a r t I C l e S was proportional to the amplitude of the response (dF /F). We then fit the profiles with a two-dimensional Gaussian function and considered only those boutons whose responses were well fit. These fits were used to estimate the preferred spatial and temporal frequencies for each bouton and to calculate the peak speed (the ratio of preferred temporal frequency to preferred spatial frequency), as this was the dimension that best segregated cell bodies in AL from those in PM 4 . The fluorescence images had high signal-to-noise ratios that enabled the resolution of responses in individual trials and repeatable measurements of the tuning of individual boutons (see Supplementary Movie 1, Supplementary Fig. 2e and Online Methods). Presentation of different visual stimuli evoked responses in distinct processes (Fig. 1c,d , Supplementary Fig. 2a and Supplementary Movie 2) . This suggested that we were imaging axonal arborizations from multiple neurons in each field of view. To obtain a rough estimate the number of distinct processes, we measured the trial-by-trial correlations for all pairs of boutons in the field of view. We then used an unsupervised clustering algorithm to group correlated boutons that likely belonged to the same axonal process (Supplementary Fig. 2b,c) . Pairs of boutons showing locally maximal correlations had nearly identical tuning and time courses, whereas those from different clusters often had different tuning and time courses (Supplementary Fig. 2d,e) . From this analysis, we estimated that the 382 boutons in the experiment in Figure 1 arose from at least 15-20 functionally distinct axons.
Functional specificity of boutons in higher visual areas
We measured the spatial and temporal frequency tuning from 8,085 axonal boutons in the three higher visual areas (LM: 2,252 boutons, 9 mice, 11 fields of view; PM: 3,931 boutons, 12 mice, 15 fields of view; AL: 1,902 boutons, 12 mice, 14 fields of view). Although the stimulus preferences of V1 axons in each field of view were diverse (Fig. 2a) , each of the three areas showed, on average, distinct preferences for spatial and temporal frequency (Fig. 2b,c) . V1 axonal boutons in AL responded more strongly to higher temporal frequencies and lower spatial frequencies, generating threefold larger responses at higher speeds ( Fig. 2c,d npg a r t I C l e S dF/F of boutons in AL for the two lowest versus two highest frequencies and the three lowest versus three highest speeds: all P-values < 10 −50 ). In contrast, V1 axonal boutons in PM showed opposite biases, responding more strongly on average to lower temporal frequencies and to higher spatial frequencies, generating threefold larger responses at slower speeds (all P-values < 10 −50 ). In comparison, the average input to LM was broadly tuned and did not respond selectively to either high or low spatial frequencies, and had only modestly stronger responses to lower temporal frequencies (spatial frequency, P > 0.09; temporal frequency, P < 10 −8 ; speed, P < 10 −4 ). These differences in tuning were robust: the average tuning was more correlated across experiments within an area than between areas (correlation coefficient within an area, 0.45 ± 0.02, n = 14 mice, 169 pairs; between areas, 0.02 ± 0.04, n = 14 mice, 149 pairs; unpaired, two-tailed Student's t-test: P < 10 −13 ). Nor were these differences dependent on bouton selection, as they were present when considering all pixels in the field of view (Supplementary Fig. 3 ). These results suggest that the three major cortical targets of V1 receive distinct visual information. Specifically, we found that projections from V1 to AL and PM responded preferentially to fast and slow moving stimuli, respectively. On average, these preferences matched the functional properties of the neurons in these areas 4 , suggesting that neurons in V1 make functionally target-specific projections.
Lack of functional organization for frequency preference
Functional target specificity has been observed in carnivores and primates; however, much of this specificity can be explained by local functional architecture, such as the specific targeting of higher visual areas by distinct layers [11] [12] [13] . To determine whether there is any local organization of frequency preference in mouse V1 that could explain the specificity we found, we measured the spatial and temporal frequency tuning of somata across layers 2/3 to 5 ( Fig. 3) . We collected tuning responses from 542 neurons in layer 2/3 (n = 166, four mice), layer 4 (n = 64, two mice) and layer 5 (n = 312, two mice) that were well fit by our model ( Fig. 3a,b ; see Online Methods). Consistent with previous electrophysiological studies 2 , we found no difference a r t I C l e S in peak speed across these layers and no evidence for clustering either across depth or in the tangential plane ( Fig. 3c-e ; tuning distance (the difference in peak speed for a pair of neurons normalized by the range of speeds presented; see Online Methods) across z and x-y distance, n = 56,931 pairs, two mice, Wilcoxon rank-sum test corrected for multiple comparisons: all P-values > 0.05). Moreover, the population of neurons in layers 2/3 and 5, the main sources of the corticocortical projection 26 , was broadly tuned (Fig. 3f ) and showed no difference in the distribution of peak speeds ( Fig. 3g ; KolmolgorovSmirnov (K-S) test: P > 0.3). Thus, we found no evidence for local organization in V1 that could account for the functional differences in the projections to the higher visual areas. Although the tuning properties of neurons in layers 2/3 and 5 are not functionally organized, the projections from each layer could be functionally distinct. To investigate the functional target specificity of projections originating from a single cortical layer, we took advantage of a Cre-recombinase bacterial artificial chromosome (BAC) transgenic mouse line (Rbp4-Cre) that selectively labels a subpopulation of neurons in layer 5. Cre-dependent reporter expression in V1 was restricted to a dense population in layer 5 and a much sparser subset of layer 6 (Fig. 4a) . We then made injections of Cre-dependent GCaMP3.3 virus (see Online Methods) to functionally characterize this population of layer 5 neurons and their axonal projections (Fig. 4b) .
Rbp4-Cre-expressing neurons showed a similar diversity of tuning and peak speeds to that seen in neurons of wild-type (WT) mice ( Fig. 4b-d ; WT: n = 312 neurons, two mice; Rbp4-cre: n = 159 neurons, two mice; K-S test: P > 0.05). Although the Rbp4-cre population made projections to all of the higher visual areas, the projections to LM and PM were notably denser than those to AL (Fig. 4e) . Nonetheless, the functional target specificity of axonal projections still held in this subpopulation of layer 5 neurons (Fig. 4f,g ; LM: 559 boutons, two mice, four fields of view; PM: 618 boutons, two mice; seven fields of view; AL: 28 boutons, one mouse, four fields of view). On average, the population of boutons in PM preferred slower speeds (paired, two-tailed Student's t-test, comparison of dF/F of boutons in PM to the three lowest versus three highest speeds: P < 10 −50 ), whereas boutons in AL preferred faster speeds (P < 10 −8 ). In comparison, the populations of boutons in LM were broadly tuned (P > 0.1). Together, these data suggest that the projection of neurons to the higher visual areas reflects their function and not simply their anatomical location in V1.
Target specificity of projections to higher visual areas Two factors might explain the distinct tuning properties of V1 projections to the higher visual areas. First, the boutons of V1 neurons functionally matched to the target area might outnumber those that are not matched (Fig. 5a, left) . Second, functionally matched boutons could exhibit larger calcium responses, thereby making larger contributions to the average response (Fig. 5a, right) .
Consistent with the first possibility, the distribution of boutons' preferred spatial and temporal frequencies differed substantially between target areas ( Fig. 5b; K-S tests, AL versus PM, AL versus LM, and PM versus LM: all P-values < 10 −16 for spatial and temporal frequencies and speed). These differences in distribution were also present among the population of boutons arising selectively from layer 5 ( Fig. 5c ; K-S tests: all P-values < 10 −11 ). In both data sets, the median speed of boutons in PM was lower than the median speed in either LM or AL ( Fig. 5d ; paired, one-tailed Student's t-tests of median bouton speed between areas within mice: PM versus AL, n = 8, P < 0.01; PM versus LM, n = 9, P < 0.05; AL versus LM, n = 6, P > 0.05). Notably, we found a strong correspondence between the properties of the axons from V1 and the properties of cell bodies in the targeted areas 4 . The median speeds for axons and cell bodies were similar in both AL (73 versus 71 deg s -1 ) and PM (20 versus 17 deg s -1 ; Fig. 5d ). These data support the hypothesis that V1 neurons with preferences matched to their target area are more likely to project to, or have larger arborizations in, that area.
However, the distribution of peak speeds for axonal boutons was more diverse than for cell bodies in AL and PM (Fig. 5d) . Figure 6 Areal bias in the amplitude of responses at different speeds is explained by the activity of a small fraction of boutons. (a) Two models for the different average tuning of all boutons in AL and PM (see Fig. 2c ). These differences may be solely due to the number of inputs with matched properties (left; schematized by number of arrows) or extra, area-specific biases in response amplitudes (right; schematized by the thickness of the arrows). (b) Distributions of peak speeds for all boutons in AL and PM. (c) Average response amplitude (dF/F) for all boutons in AL and PM binned according to their peak speed. Boutons in AL with high peak speeds have a larger average response than boutons with low peak speeds; the opposite is true for boutons in PM. (d) Distributions of peak speeds for all boutons in each area, for different ranges of peak dF/F. Each bin notes the range of dF/F and the percentage of boutons from each area contained in that bin. The response preferences in AL and PM are segregated at all ranges of dF/F, but they become increasingly segregated for boutons with larger peak responses. (e) Average peak speed (top) and preferred spatial frequency (SF; middle) and temporal frequency (TF; bottom) for boutons grouped according to their peak dF/F (same bins as in b). All error bars, ± s.e.m. npg a r t I C l e S This suggests that, in addition to the bias in fraction of boutons (Fig. 6a,b) , there may be other factors underlying the observed target specificity. Indeed, consistent with the second hypothesis, we observed a target-and speed-specific bias in the amplitude of responses (Fig. 6c) . We compared peak speed and amplitude of calcium responses (peak dF/F from Gaussian fit) for boutons in the different target areas and found that the boutons in PM tuned to low peak speeds responded more strongly than nearby boutons tuned to high peak speeds (unpaired, two-tailed Student's t-test: boutons in PM with a peak speed less than 25 deg s -1 versus those with a peak speed more than 100 deg s -1 , P < 10 −6 ). Conversely, boutons in AL tuned to low speeds showed weaker responses than boutons tuned to high peak speeds (P < 10 −7 ). Thus, on average, the response amplitude was larger in the boutons with preferences matched to that of the neurons in the target area.
It is unlikely that the increased response amplitude can be explained by the contribution of out-of-focus fluorescence from neighboring boutons, for two reasons. First, although the distributions of peak speeds for boutons in AL and PM were distinct at all amplitudes ( Fig. 6d; K-S tests, AL versus PM: P-values < 10 −15 for all five amplitude ranges tested), the distributions became more distinct as response amplitudes increased (Supplementary Fig. 4a ; linear discriminant analysis: the optimal classification accuracy was 70% for boutons with peak dF/F <0.2 and 92% for boutons with peak dF/F >1.6). If the effect were due to out-of-focus fluorescence, then one would expect a homogenous increase in dF/F across the population. Second, this effect was clearest for the most strongly responding boutons (dF/F >0.8, about 10% of all imaged boutons; Fig. 6e ; unpaired, two-tailed Student's t-test: comparison of average peak speed of weakly (dF/F <0.4) versus strongly (dF/F >0.8) responding boutons in AL and PM: all P-values < 10 −6 ). However, the neuropil response was an order of magnitude weaker than that of the strongly responding boutons (average peak neuropil response, 0.08; range across all fields of view, 0.04-0.16; see Online Methods) and therefore cannot account for these responses. Thus, our data demonstrate specificity in both the density (Fig. 5) and the response amplitude (Fig. 6 ) of functionally matched V1 projection boutons in a given target area.
Functional specificity of LM projections
We next addressed whether the target specificity we observed in projections from V1 may be a general rule for feed-forward visual cortical projections. Like cell bodies in V1, those in the secondary visual area LM have diverse receptive fields 5, 25 and project directly to areas AL and PM 24 . This led us to investigate whether the targets of area LM also receive target-specific sensory input.
We made small, targeted injections of a viral vector carrying GCaMP3 so that expression was contained within the borders of LM ( Fig. 7a and Supplementary Fig. 5 ). The densest projections from LM were found in areas AL, PM and AM (anteromedial; Fig. 7a ; we also observed a diffuse feedback projection in area V1 (ref. 24) ). We focused on areas AL and PM to directly compare the projections from LM with the convergent projections from V1. Wide-field epifluorescence microscopy revealed bright islands of labeled axons (Supplementary Fig. 5d ), which we then targeted for two-photon imaging in a manner identical to that described above for projections from V1 (average depth, 98.7 µm; range, 50-150 µm below the pia; 12 fields of view; six mice).
We measured spatial and temporal frequency tuning for LM axonal boutons in areas AL (1,673 boutons, four mice, six fields of view) and PM (910 boutons, five mice, six fields of view). Although some diversity was evident among nearby boutons in the same field of view (Fig. 7b) , the average tuning of projections from LM to areas AL and PM was distinct (Fig. 7c,d) . LM projections to AL responded more strongly to lower spatial and higher temporal frequencies ( Fig. 7d,e ; paired, two-tailed Student's t-test, comparison of dF/F in response to high versus low spatial or temporal frequencies: all P-values < 10 −50 ), whereas LM projections to PM responded more strongly to higher spatial frequencies (P < 0.001) but had no temporal frequency preference (P > 0.5). Thus, projections from LM to AL responded more strongly to high speeds (P < 10 −50 ), whereas those to PM did not prefer high over low speeds (P > 0.05). Moreover, the average tuning of projections to AL was distinct from those to PM (Fig. 7d) and was more correlated across experiments within an area than across areas (correlation coefficient within an area, 0.38 ± 0.08, n = 18 pairs, five mice; across areas, −0.08 ± 0.13, n = 9 pairs; unpaired, two-tailed Student's t-test: P < 0.05). 
a r t I C l e S
The distributions of spatial and temporal frequency preferences of boutons from LM in AL and PM were also distinct ( Fig. 7f,g ; K-S tests, AL versus PM: all P-values < 10 −13 for spatial and temporal frequency and speed). The projections from LM to AL and PM had area-specific biases qualitatively similar to, albeit smaller than, those seen in the projections from V1. The most notable difference between projections from LM and V1 was the greater proportion of LM boutons preferring high temporal frequencies, which was likely due to the higher temporal frequency preference of cell bodies in LM relative to those in V1 (refs. 4,5,25) .
We thus found that the downstream targets of LM, like those of V1, each received distinct visual information. Moreover, projections from LM generally matched the functional preferences of the projections from V1, as well as the functional preferences of neurons in each target area.
DISCUSSION
We used two-photon calcium imaging to examine whether higher visual areas receive functionally specific projections from V1 by measuring the visual response properties-the tuning for spatial and temporal frequency-of V1 axons projecting to three downstream visual areas: LM, AL and PM. We found that all three projections, as measured by the response properties of individual presynaptic boutons, were functionally distinct and were, moreover, matched to the function of the neurons in each target area. Therefore, the population of neurons in V1 makes functionally target-specific projections. These data suggest that functionally specific connections are important in determining the specialization of receptive field preferences of neurons in the higher visual areas.
Functional imaging of projections in mouse visual cortex
The ability to characterize projections to multiple areas was made possible largely by the simplicity of our imaging-based approach: the origin of each axon was determined by the site of the viral injection, and its target was determined by the imaging site 29, 30 . By contrast, most previous studies that addressed target specificity have used antidromic stimulation to identify the projection target 19, 20, 31, 32 , which requires great care to avoid false positives and negatives 33 . Instead, we were able to survey the tuning properties of hundreds of boutons from the same mice and compare several projection pathways with our functional imaging approach. Because synaptic boutons represent fundamental units of synaptic transmission, their numbers and response amplitudes reflect the net impacts of these inputs on their targets. Thus, such direct comparisons constitute an important step toward generating a functional projectome-a model of the transmission of information between each cortical area.
We found that each of the higher visual areas received distinct functional information from V1. This was true when looking at both the average tuning (Fig. 2) and the diversity of peak preferences (Fig. 5) and is consistent with the segregation of cortico-cortical projection neurons into discrete anatomical (refs. 32,34 and Q. Wang & A. Burkhalter, Soc. Neurosci. Abstr. 854. 1, 2005 ) and functional 21, 22 streams. Despite being a common feature of systems with functionally segregated architecture [11] [12] [13] 15, 16, 19 , we have found that such segregation can arise from a locally diverse neuronal population (Figs. 3 and 4) .
The functional match between feed-forward projections and their target neurons could account for the increase in specificity seen in the higher visual areas. Nonetheless, additional mechanisms, such as target-specific thalamic inputs 35 or local processing within the higher visual areas 36 , could also contribute to the specialization.
Mechanisms of target specificity in mouse visual cortex
We found a different distribution of stimulus preferences for boutons in each area. This could be due to either an increased probability of projection or a larger axonal arborization of V1 neurons that are functionally matched to the target area. Both models result in the selective transmission of information to the higher visual areas; our approach does not distinguish between them. Complementary approaches such as retrograde labeling of projection neurons give a more direct measurement of projection probability 21, 22 . In fact, one such study found comparatively weak differences in the spatial and temporal frequency preferences of neurons projecting to different higher visual areas in the ferret 22 , suggesting that the density of the axonal arborizations may be an important factor in determining the target specificity of projections.
Both models can potentially be explained by target-specific refinement of axonal projections. Feed-forward projections arborize well before eye-opening (as early as postnatal day 2), but the density of these arborizations continues to increase over the first month of life 34, 37 . This is consistent with the initial targeting of the higher visual areas being genetically determined (potentially by means of molecular signals expressed by distinct groups of cortical neurons 38 ) , followed by refinement through experience-dependent plasticity 39 . Nonetheless, our data suggest that this must be regulated at the level of individual neurons (Fig. 3) .
We also found that projections with preferences matched to their target area had larger amplitude responses. This larger change in indicator fluorescence may be due to these neurons firing more action potentials. Such an effect could be mediated through amplification of signals by preferentially connected subnetworks within V1 (refs. 9,10,40-43) . Alternatively, the amplitude of responses may depend more on the properties of individual boutons: larger boutons may have a greater calcium channel density or number of active zones, resulting in more calcium influx per action potential 27 . In this case, the increased response amplitude may reflect a higher probability of release and could be the result of synapse-specific Hebbian plasticity 44, 45 .
Although we found differences in both the density and response amplitude of target-specific projections to AL and PM, these two measurements may not be completely independent. The increase in density may result in the grouping of more than one bouton into the same region of interest, thereby increasing the measured response amplitude. However, the sparseness of responsive boutons and the weak relationship between baseline fluorescence and dF/F ( Supplementary  Fig. 4b ) both provide evidence against this possibility. Conversely, the greater response amplitude could bias selection of boutons and therefore inflate bouton counts. However, this is likely to have only a minor influence, as distributions of bouton densities were consistent for each of the lower ranges of response amplitudes (Fig. 6d) . In addition, because the strongly responding boutons are such a small percentage of the population, we expect that the difference in bouton density dominates in generating the target specificity.
The transmission of information throughout visual cortex
Owing to its position in the visual cortical circuit and its diversity of responses, V1 acts as a hub for transmitting several information channels from a locally heterogeneous population. Thus, local circuitry within V1, including recurrent excitation within networks and nonspecific inhibition across networks 10, 46, 47 , is likely important in shaping the content of these streams. In addition, any modulation of activity in V1, such as the changes in excitability and shifts in tuning that occur during locomotion 4, 48 , could affect the flow of information through the cortex.
Axonal projections exclusively from layer 5 and from the secondary visual area LM also made target-specific projections to the higher visual npg a r t I C l e S areas (Figs. 4 and 7) , suggesting that the segregation of diverse sensory information may be a general feature of mouse visual cortex. This finding provides a context for the widespread connectivity that has been found between the areas of the visual system 49, 50 . The projectome of the visual cortical areas (the graph of inter-areal projections) is virtually all-to-all in the mouse, although there is a clear substructure when the weights of connections are considered 49 . Here we have found that, rather than sending duplicated information to different areas across the brain, each projection likely transmits distinct sensory information tailored to its target. By revealing the specific rules that govern organization of these projections at the cellular and functional level-the functional projectome-we can begin to predict how the specific transmission of visual information can guide task-dependent visual behaviors.
METhODS
Methods and any associated references are available in the online version of the paper. the field of view was removed to eliminate registration artifacts. After registration, all experiments were temporally averaged so that the effective imaging rate was 2.67 Hz. Evoked responses were measured for each stimulus type as the dF/F between the 2.5 s before (baseline) and the 5 s after (as response) stimulus onset, and averaged across trials.
To identify all significantly responsive boutons in the field of view, we performed a three-stage analysis:
First, to identify potential boutons, we identified local maxima, or 'hotspots' . As synaptic boutons are likely to be the strongest local signals in our field of view (owing to their larger volume and calcium channel density 27, 28 ), regions of interest were chosen from the maximum value of the dF/F signal in response to all stimulus types (max dF/F; see Fig. 1 and Supplementary Fig. 3a) . For the selection these local maxima, but not subsequent analyses, the average fluorescence of each frame was subtracted before computing the dF/F (to decrease the effects of global changes in fluorescence) and then smoothed by half a pixel (to limit the identification of spurious maxima). From the resulting dF/F image, we identified all 'hotspots' (that is, pixels that were brighter than all immediate neighbors) as potential boutons.
Second, to select the visually responsive 'hotspots' , we calculated the time course for every pixel in the image, averaged with its immediate neighbors (yielding the time course for every 3 × 3 pixel square). For each of these time courses, we tested whether it was significantly driven by at least one visual stimulus condition (paired, one-tailed Student's t-test), thus generating a map of significance levels. We increased the stringency of our statistical test by first smoothing this map by half a pixel and then applying a threshold (P < 0.002, or 0.05/25, to correct for the number of conditions) to create a mask (see Supplementary Fig. 3b) .
Finally, we considered only those potential boutons (found in stage 1) that were contained within this mask (found in stage 2) for further analysis (significantly responsive boutons; see Supplementary Fig. 3c ). We identified 13,371 significantly responsive boutons from V1 neurons (WT: 3,112 boutons in LM, 5,619 in PM and 2,595 in AL; Rpb4-cre: 922 in LM, 1,006 in PM and 117 in AL) and 3,311 significantly responsive boutons from LM neurons (1,265 boutons in PM and 2,046 in AL).
Most boutons found in this way likely correspond to anatomical presynaptic boutons. First, in many cases the identified boutons could be seen as local maxima in baseline fluorescence images, suggesting that they correspond to synaptic swellings (Supplementary Fig. 2f) . Second, examination of the distance between boutons on the same axon (see Fig. 1d ) is consistent with inter-synapse distances previously described 55 (~5 µm).
The response of each bouton across all spatial and temporal frequencies was then fit by a two-dimensional elliptical Gaussian 4 : 
For this protocol, we estimated upper and lower confidence bounds for sf 0 and tf 0 by performing 500 Monte-Carlo simulations (random sampling of trials of each stimulus type with replacement). Only boutons with 95% confidence intervals less than 2 octaves for both sf 0 and tf 0 were included in subsequent analyses. This strict criterion eliminated ~30% of the boutons from V1 neurons (30% of boutons in LM, 31% in PM and 29% in AL), leaving 9,290 significantly responsive, well-fit boutons in all areas (WT: 2,252 boutons in LM, 3,931 in PM and 1,902 in AL; Rbp4-cre: 559 in LM, 618 in PM and 28 in AL). A similar proportion of the boutons from LM were also eliminated in this way (28% of boutons in PM and 18% of boutons in AL), leaving 2,583 significantly responsive, well-fit boutons (910 boutons in PM and 1,673 in AL). All significantly responsive, well-fit boutons were considered when determining the average tuning and distribution of bouton preferences in each area. However, when addressing the average tuning of all boutons imaged within a mouse (Figs. 2c bottom, 5c, 7d bottom and 7g) , only those areas with at least 25 significantly responsive, well-fit boutons were considered for analysis.
Notably, all of the steps involved in selection of boutons were automated, thereby reducing the possibility for experimental bias. Moreover, the difference in preferences between areas was not dependent on the selection or fitting of boutons. Area-specific differences in the tuning of boutons in AL and PM were maintained when considering (i) all pixels, (ii) all significantly responsive pixels or (iii) all boutons in each field of view (Supplementary Fig. 3 ; paired, twotailed Student's t-test comparing the three lowest versus three highest speeds: all P-values < 10 −50 ).
In each field of view, only a small percentage of the total pixels were identified as boutons (average across all fields of view: 3%). The sparse axonal activation was not due to sparse anatomical innervation, as there were many bright pixels in the baseline image that were not visually driven (Supplementary Fig. 2f) . Instead, it was probably due to sparse activity of cell bodies in V1, owing to the incomplete mapping of visual stimulus space and to sublinear GCaMP3 responses at low firing rates.
Despite the sparseness of responses, out-of-focus fluorescence ('neuropil' response) may contaminate bouton responses. To estimate the neuropil contribution, we averaged the response from all pixels in the field of view except those belonging to expanded bouton masks (a 5 × 5 pixel square surrounding each bouton). This procedure for estimating the neuropil response may be contaminated by visually evoked in-plane fluorescence from (i) boutons that did not pass our requirements for inclusion or (ii) intervening axonal segments, and therefore is an overestimate of the out-of-focus fluorescence contamination. Nonetheless, we found the average peak neuropil response to be 0.08 (range across all fields of view: 0.04-0.16), and therefore it should minimally contaminate most boutons (70% of boutons have a dF/F > 0.2; see Fig. 6d ). Moreover, when looking at individual boutons ( Fig. 1e and Supplementary Fig. 2e ), we do not see neuropil responses to nonpreferred stimuli; nor are there strong correlations across all boutons in the same field of view (Supplementary Fig. 2b) .
For cell body imaging, imaging volumes were aligned volume-by-volume to correct for slow drifts and x-y motion 56 . Three-dimensional cell masks were obtained by taking the maximal dF/F for all stimulus types (the same time windows were used as for boutons) and using custom, semiautomated segmentation algorithms. Fluorescence time courses were generated by averaging all pixels in a cell mask. Neuropil signals were removed by first selecting a spherical shell around each neuron (excluding neighboring neurons), estimating the common time course of all shells in the volume (first principal component) and removing this component from each cell's time course (scaled by the baseline fluorescence of the surrounding shell) 4 . For each cell, we tested whether it was significantly driven by at least one visual stimulus condition and could be well-fit by a twodimensional elliptical Gaussian (same requirements as for boutons). There were 943 neurons (in WT and RBP4-cre mice) that were initially segmented; of these, 779 were significantly responsive and 701 were well-fit. Cellular depth was determined by finding the centroid of each cellular mask and aligning each imaged volume to a larger reference stack for that mouse (450 µm on a side; from the pia through layer 5 in 2-µm steps). The reference stack was corrected for tilt by rotating the volume so that the pia was horizontal; the beginning of layer 4 was determined by the sharp decrease in cellular density (likely due to the tropism of the AAV); the beginning of layer 5 was determined by the marked increase in cellular size. Laminar borders were confirmed with post hoc DAPI staining (Fig. 3a) .
Tuning distance was calculated, using speed preferences for pairs of cells, as such that the maximal tuning distance is 1.
Despite the nonlinear relationship between spiking and GCaMP3 fluorescence 53 , the peak responses used to estimate spatial and temporal frequency preferences (Figs. 3-7) should be insensitive to this nonlinearity and reflect the peak spiking response 4 . Although the supra-linear relationship between number of spikes and increase in fluorescence 53 may inflate the measured response amplitude of the strongest responding boutons, there is nonetheless a selective increase in the response of a subset of target-specific boutons (Fig. 6) . Further, the increased responses of boutons at high speeds in AL but at low speeds in PM make it unlikely that the bias in response amplitude is due to a systematic interaction of stimulus properties and the nonlinearity of the calcium indicator.
